Background: In high speed milling of the dies and molds characterized by large-scale and deep cavities with the lengthened shrink-fit holder (LSFH), the machining error caused by the tool deflection is not allowed to be ignored. Methods: The deformation of the LSFH and cutting tool are predicted, and at the same time the machining error caused by this deformation are predicted too based on the milling force prediction model and the finite element model. Taking into account the complex mutual coupling between milling force and the deformation, an error compensation method is proposed based on a balancing iterative algorithm. Results: The compensation tool path is obtained and the off-line machining error compensation is achieved. Milling example shows that the machining error after compensation less 77.4 % than that of no compensation.
Background
Nowadays, high-speed machining (HSM) technology is widely used in die and mold processing (López de Lacalle et al. 2006 ), how to select or design a suitable cutting tool according to the characteristics of workpiece is a key to improve efficiency and quality, optimize machining parameters, and reduce processing costs. Traditionally, the stiffness of the shank-chuck-tool system is so limited, whereas the semi-finishing and finishing machining of the dies and molds characterized by large-scale and deep cavity still mainly depends on electrical discharge machining (EDM) and manual polishing which will result in low efficiency and poor quality and cannot meet the needs of an increasingly competitive market.
As a new cutting tool hold technology, lengthened shrink-fit holder (LSFH) has drawn tremendous industrial attention recently. For touching workpiece in high-speed machining of dies and molds characterized by large-scale and deep cavity, LSFH is more suitable than those traditional hold systems such as the collet chuck and the static pressure expansive chuck because of its simple structure, high balance accuracy, and high clamping strength (Zhou et al. 2012; Tony and Schmitz 2007; Zhang 2006) . Several works had been carried out to investigate the stiffness and defection of the cutting tool system which will affect the machining precision and surface quality (Salgado et al. 2005) . Some scholars focus on the estimation of the geometrical accuracy in multi-axis milling process (Lamikiz et al. 2008 ) and the topography prediction of ball-end milled surfaces, considering the tool parallel axis offset (Arizmendi et al. 2008) . However, the deformation of the matching of LSFH and cutting tool is particularly prominent during the machining process due to the special lengthening structure of LSHF. Therefore, how to reduce the machining errors caused by this deformation is very important to make full use of the advantages of LSFH, ensure the machining quality, and improve the machining efficiency.
The intention of this work is to offline compensate the machining errors caused by the deformation of the matching of LSFH and cutting tool system in 3-Axis CNC finishing milling the dies and molds characterized by large-scale and deep cavity. Taking into account the complex and mutual coupled relationship between the milling force and the deformation, the iterative methods are used to obtain the compensated cutting tool path and achieved the offline errors compensation. The rationality of the error compensation method was verified with an actual processing example.
Methods

Machining error analysis
As shown in Fig. 1 , the machining error is usually defined as the normal distance between the nominal machined surface and the actual machined surfaces. Machining error is divided into static error and cutting state error according to whether the error related to the cutting states. The error that has nothing to do with the processing status is called static error, such as the machine geometric and transmission errors and the tool wear and manufacturing errors. Cutting state error occurs in the cutting process, and this error is usually caused by the deformations (which usually root in the cutting force and cutting heat) of machine, cutting tools, and workpiece system.
Due to using the high-speed machining centers, the machine has a high-precision of manufacturing and a highperformance closed-loop control system (Zhang and Pan 1997; Zhang et al. 2002) . So the machining error generated by the static error of the machine occupies a small proportion of the whole machining error during highspeed milling of the dies and molds characterized by large-scale and deep cavity based on the LSFH. For the static errors caused by the cutting tool, the highperformance and high-speed machining centers generally have automatic compensation for the cutting tool length and diameter which can eliminate the impact of machining errors. When a machine processes dies and molds characterized by large-scale and deep cavity, the workpieces have big volume and good rigidity, its stiffness is far greater than that of the cutting tool system. Therefore, the deformation of the matching of LSFH and the cutting tool system has become the main reason to cause the machining errors.
Lengthened shrink-fit holder
The LSFH is a clamping component between the shank and cutting tool, and there are no additional parts when the cutting tool is clamped. The LSFH is pulled to shank by a thread drawbar that is fixed in a shank which will create a taper interference fit connection between the shank and LSFH. The clamping part of the LSFH is heated up to 250−425°C in a short time. When the inner undersize diameter of LSFH expands over to the diameter of the cutting tool, the cutting tool is inserted into the LSFH at once. As the LSFH cools down, a reliable and high-precision hold is produced due to the interference between the LSFH and the cutting tool. The picture of the headstock, shank, LSFH, and cutting tool system is shown in Fig. 2 .
The simplified structure diagram of LSFH is shown in Fig. 3 . The material of LSFH is a high strength alloy steel with a large thermal expansion coefficient.
Machining errors caused by the deformation
When using a ball-end cutting tool in CNC surface finishing, the first thing to do is to disperse the nominal designed workpiece surface into a series of cutting tool position points along a certain cutting direction, and then connect the cutting tool position point to generate the cutting tool path. The cutting tool cuts the workpiece along the cutting tool path, and then the machining surface will be obtained. In the cutting process, the theoretical contact points of the cutting tool and workpiece are called the nominal contact points. When the ball-end cutting tool is simplified as a half sphere and the cutting thickness is ignored, the nominal contact point is achieved as shown in Fig. 4 . Where c is the nominal contact point, N is the normal of the nominal workpiece surface at contact point c, φ is the angle between cutting tool axis and N, and f is the feed direction of the cutting tool.
In an actual machining process, due to the deformation, the actual contact point of the cutting tool and workpiece does not coincide with the nominal contact point which will result in the machining errors. In order to determine the relationship between the deformation of the cutting tool and machining error at the nominal contact point c, the cutting force and deformation diagram in the plane determined by N and cutting tool axis is shown in Fig. 5 . Since the axial stiffness of the matching of LSFH and cutting tool is much larger than its radial stiffness, only the horizontal component of the cutting force is taken into account in this analysis, where L is the overhang length of the matching of LSFH and cutting tool, c' is the actual contact point of the cutting tool and workpiece, F is the horizontal component of the cutting force, ρ is the radius of curvature of the surface at the point c, e is the horizontal radial deformation of the cutting tool, and δ is the machining error. Generally, the surface of dies and molds is smooth and the deformation is very small. Then has oc'≈ρ + δ, and therefore:
Due to the horizontal radial displacement e much less than the overhang length L, the above Eq. (1) can be simplified as:
Thus machining error δ can be expressed as:
Define the horizontal direction's deformation sensitive coefficient S in nominal contact point c of the matching of LSFH and cutting tool as the partial differential of the machining error δ to horizontal radial deformation (Law and Geddam 2003; Lim and Meng 1995) :
For the dies and molds characterized by large-scale and deep cavity, the radius of curvature ρ is usually far greater than the horizontal radial displacement of the cutting tool which caused by cutting force. So the above Eq. (4) can be simplified as: 
Then, the final machining error in the nominal contact point c can be expressed as:
It can be found that the final machining error can be obtained through determining the radial deformation and the angle φ. The literature (Ryu et al. 2003) suggests that without considering the influence of cutting edge to the generation process of the machining surface and directly predicting the forming errors from the deformation of the cutting tool is faster than that of the time simulation about 300 times.
Results and discussions
Error compensation
According to the above analysis, the machining error compensation procedure mainly includes four aspects. Firstly, analyzing the workpiece surface feature to determine the nominal cutting tool path; secondly, using an appropriate milling force model to predict the milling force; thirdly, building a proper deformation model of the matching of LSFH and cutting tool to predict the machining error; and finally, correcting the cutting tool path to achieve the error compensation. A machining error compensation principle is shown in Fig. 6 . CAM is used to program the NC machining procedure to get the nominal tool path T N . If both the cutting tool and the workpiece have a rigid body, then the nominal machined surface S N is the expected machined surface without causing machining errors. But in the actual machining process, due to the cutting force, the matching of LSFH and cutting tool deformed and made the actual tool path T N deviated, so that the actual machined surface S R deviate from the nominal surface S N and result in the machining errors. Through predicting the deformation of the matching of LSFH and cutting tool, the machining error caused by this deformation can be predicted. Then, the compensation cutting tool path T C can be obtained by correcting the T N in opposite direction of the machining error. Thereby, the actual machined workpiece surface coincides with the S N theoretically and the machining deformation errors can be eliminated.
Machining surface analysis
First of all, according to the characteristics of the workpiece surface, to determine the way of feeding and nominal cutting tool path, on this basis, a nominal cutting tool path will be divided into nominal cutting tool position points and then analyzes the radius of curvature of the workpiece surface as well as the angle between the normal of workpiece surface and the cutting tool axis at each nominal cutting tool position point to provide the input conditions for the milling force model and the basis for the calculation of machining error. In two-dimensional ellipse surfaces, for example, Fig. 7 shows the simulation result of the surface characteristics using Matlab. In this example, the ellipse long axis is 100 mm and short axis is 50 mm and the coordinate origin at the center of the elliptical. Cutting tool feed direction and the radius of curvature ρ along the workpiece surface is shown in Fig. 7a . It can be found that ρ has a maximum of 200 mm when x is 0; as x increases, ρ decreases, and ρ has a minimum of 25 mm when x is 100. The tendency of the angle φ is shown in Fig. 7b . It shows that φ has a minimum 0°when x is 0; as x increases, φ increases, and φ has a maximum of 90°w hen x is 100.
Milling force model
Owing to the complexities of the milling process and the special structure of the match of LSFH and cutting tool, it is difficult to establish an analytical milling force model which is consistent with the actual processing conditions. A milling force model based on BP neural network is used in this paper (Zhou et al. 2010) . The network topology structure of this milling force model is shown in Fig. 8 , where I
and O represent the input and output of the network, respectively; W represents the connection weight between input layer and hidden layer; V represents the connection weight between hidden layer and output layer; b and c represent the valve of hidden layer and output layer, respectively; and f and TF are the transfer functions of hidden layer and output layer, respectively. Each transient milling force can be calculated under the given machining conditions and parameters. In the milling process, static and periodic changes of dynamic milling force work on the cutting tool and workpiece. Static force makes the cutting tool and the workpiece produce static deformations which will result in the size error of the workpiece. Dynamic milling force will worsen the surface quality of the workpiece. Therefore, the deformation of the workpiece mainly matters with the static force. In this paper, the average milling force is used to predict the machining error.
Deformation model of the matching of LSFH and cutting tool
The accuracy of the deformation prediction of the matching of LSFH and cutting tool under the milling force will directly affect the prediction accuracy of machining error. In this work, the finite element method is used to predict the deformation so that the predicted result is closer to the actual machining conditions. The software is ANSYS12.0, and the influence of non-linear contact is considered in the established finite element model. Input conditions of the model are the milling force predicted in milling force model. The material properties of LSFH and cutting tool are listed in Table 1 . The finite element model and the force diagram are shown in Fig. 9 . The solid element is solid 185 used in this FEA model. The contact elements Targe170 and Conta174 are used to simulate the rigid target surface of the cutting tool and the flexible contact surface of LSFH, respectively. In this model, the total elements including contact elements are 18,740. The boundary conditions such as the nodes' displacements x, y, and z of the taper surface of LSFH, where it gets connected with the shank, are constrained. In order to save the computing resources and to mesh conveniently without affecting the accuracy of analysis, the solid model is simplified as: 1) the screw thread structure, chamfer, and fillet of the LSFH are neglected (refer to Fig. 3) ; 2) the friction model between the LSFH and cutting tool is simplified as Coulomb law of friction and the friction coefficient is set to be 0.2 (Frederic et al. 2009 ).
Machining error compensation process
According to the above compensation principle, a key of the machining error compensation is to obtain the compensated cutting tool path T C ; however, the key to obtain T C is to determine each cutting tool compensation position T CP . In the milling process, the milling force and the deformation of the matching of LSFH and cutting tool are coupled. On the one hand, cutting force makes the matching of LSFH and cutting tool to deform; on the other hand, the deformation also changes the effective cutting depth and cutting width which will affect the milling force. In order to solve the complex dependencies between the milling force and deformation to get the cutting tool compensation path T C , the iterative method can be used to obtain the milling forces and deformation at each cutting tool position point in an equilibrium state. The influences of the deformation on milling force are mainly initiated by changing the actual cutting depth and cutting width. If A d is the nominal cutting depth, then the uncompensated machining error changes the actual cutting depth of the nominal cutting tool position point into A d -δ and sets the deformation of the cutting tool in the radial feed direction which is ey and the nominal cutting width which is R d , so then the actual cutting width becomes R d -ey. However, surface machining error is affected mainly by cutting depth, so the ultimate goal of an iterative solution can be converted to solve the actual cutting depth U n at each nominal cutting tool position point, so that the actual cutting tool position coincides with the nominal cutting tool position or meets the given convergence conditions. Iteration process of each cutting tool position point is shown in Fig. 10 . Here, the nominal cutting tool position is the programmed position which does not consider the deformation, and the actual cutting tool position is the deformed cutting tool position. The actual cutting depth in first iteration is the nominal cutting depth plus machining error which did not consider the deformation. Then input the changed cutting depth and other milling parameters into the aforementioned milling force model to predict the milling force again, and then enter the milling force to the finite element deformation model to obtain the new deformation and machining errors. The actual cut depth in the next iteration is the actual cutting depth plus machining errors in the previous iteration, and recalculates the milling force, tool deformation, and machining errors. In an iterative process, machining error in any two successive iterations n and n−1 converges to the set error limit ε namely:
Then the iteration is terminated. Set the nominal tool position point vector without considering deformation is ⇀ X d , and then the actual tool position point vector ⇀ X s after the iteration is:
Nominal cutting tool path T N will be sampled by a certain discrete degree p, according to the above iteration method to solve all sampling points to get the compensated cutting tool path T C . Figure 11 is a flowchart of the offline error compensation, where δ nj is the machining error of the jth sample points of the nominal cutting tool path after the nth iteration step.
Machining error compensation example
A local surface feature of an injection mold of a car door was extracted to the actual processing (Fig. 12) . Machining results of compensation and no compensation are compared to verify the effectiveness and practicality of the above machining deformation error compensation method. The experiments are carried out on a high-speed machining center DMU 60T with maximum rotation speed 24,000 rpm. The workpiece is a mold steel P20 with hardness HRC 30-35 after quenching and tempering. The allowance t needed to be removed in finishing machining is 0.3 mm.
The analysis shows that the workpiece surface to be machined consists of flat and circular surfaces. The contour size of the nominal machined surface S N , machining requirements, and the nominal tool path T N are shown in Fig. 13 . The width of the workpiece is 55 mm. For the convenience of tool setting in machining and measurement after machining, the workpiece coordinate system is taken as shown in Fig. 12 .
The angle φ between the normal of machining workpiece surface and the cutting tool axis is shown in Fig. 14 . Milling parameters used in compensation processing example are as follows: spindle speed is 16,000 rpm, feed per tooth is 0.045 mm/z, nominal cutting depth is 0.3 mm, and radial cut depth is 0.4 mm. A contouring climb milling is taken in this example.
Samples of the nominal tool paths T N along the machining x axis (see Fig. 12 ) every 10 mm and 17 sampling points are obtained. The error convergence limit ε is set to 0.01. Using the aforementioned milling force model and iterative methods, the milling force of each sampling point before iteration and after the iteration and the actual cutting depth U n after the iterative convergence are obtained as shown in Table 2 , where n = 1,2,3, …, 17 is the number of sampling points.
The compensation tool path is shown in Fig. 15 based on the results of above calculation, under the workpiece coordinate system as shown in Fig. 12 . It can be found that in the flat segment of the machining workpiece surface, the nominal tool path coincides with compensated tool path according to Eq. (6) and the compensated tool path deviates from the nominal tool path more and more when the angle φ between the normal of the machining workpiece surface and cutting tool axis is increasing. The maximum offset is 0.81 mm when the angle φ has a maximum value 40.5 when x = 160. According to the compensated tool path to complete the NC program for processing, the machining errors caused by the deformation of the matching of LSFH and cutting tool in machining process can be compensated.
For the convenience of measuring the machining errors, the machining errors in z direction is the z coordinate difference between the machined workpiece surface and the machined nominal workpiece surface in each sample points under the workpiece coordinate as shown in Fig. 12 are defined. The z coordinate values of each sample points are the average value of the four measurements along the y axis direction. The arrangements of each measurement point along the y axis are shown in Fig. 16 .
The comparison of machining errors in the z direction at each sample point of compensation machining and no compensation machining is shown in Fig. 17 . It can be found that the machining errors increase with the angle φ increase when the error compensation method is not used and the maximum error is 42 μm. And then, when the compensation method is used, the machining errors in the z direction are controlled within 10 μm and the maximum error is only 9.5 μm. In addition, the standard deviation of the machining errors with compensation and no compensation is 1.38 and 11.59 μm, respectively. This suggested that the aforementioned iterative algorithm of tool position point has good robustness.
Conclusions
Based on analyzing the characteristics of molds and dies characterized by large-scale and deep cavity and machining error, a new machining error compensation method was proposed. A practical example was taken to verify the effectiveness and practicality of this compensation method. The following conclusions were obtained:
(1)The relationship between the deformation of the LSFH-tool system and the surface contour machining error was analyzed. The results showed that the surface contour machining error eventually converted to determine the radial deformation in the horizontal direction and the angle between the normal of machining workpiece surfaces and the cutting tool axis at each nominal cutting tool position point. (2)The machining error compensation method was proposed and a new algorithm of equilibrium iteration of milling force and deformation was put forward to solve the complexity coupled relationship between the milling force and the deformation of cutting tool system, ultimately to get the compensated machining cutting tool path and achieve offline compensation of machining errors.
(3)Processing example showed that the maximum machining error in z direction reduced from 42 μm (uncompensated machining) to 9.5 μm (compensated machining) and the machining error is reduced by 77.4 %. Furthermore, the standard deviation of machining error in the z direction indicated that the iteration algorithm of error compensation has good robustness.
In high-speed machining of the dies and molds characterized by large-scale and deep cavity, the offline error compensation method proposed in this work can obtain a higher machining dimensional accuracy and surface quality without sacrificing machining efficiency.
Nomenclature
Symbol, description N, surface normal φ, angle between tool axis and surface normal e, horizontal radial deformation ρ, radius of curvature T RP , actual tool position T NP , nominal tool position S N , nominal machining surface T N , nominal tool path T C , compensation too path T CP , compensation tool position ε, error limitation δ, machining error F x , F y , F z , milling force A d , nominal cutting depth R d , nominal cutting width U n , actual cutting depth
